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Abstract
A Solution for Overcoming Transradial Prosthetic Control
Limitations with Additive Manufacturing and Modeling Techniques
Olivia Layne Santee

Prosthetic limbs have aided in the restoration of both cosmetic and functional capabilities of the
human hand; however, structural and control limitations hinder widespread adoption. One example
of these limitations addressed in this study is the lack of wrist degrees of freedom (DOF) in robotic
hands. Using the mechanical model-driven design, I developed a hand with cable-driven actuation
of fingers and direct actuation of the wrist pronation-supination and flexion-extension DOFs. An
inverse dynamic simulation determined torque requirements in common tasks manipulating a 1 kg
mass with rotational speeds up to 60 deg/s, setting a minimum limitation of 0.76 Nm on the wrist
servomotors. The performance of the manufactured robotic hand was validated using motion
capture. Kinematic errors were 19 deg on average with the best and worst values spanning 2 to 55
deg (thumb CMC and third digit PIP DOFs, respectively). The execution delays computed with
the cross-correlation of the command-movement relationship were 200 to 400 ms in 6 DOF
movements. This performance was appropriate for the functional use of the device and serves as
the framework for testing future controller designs.
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Chapter 1: Background and Literature Review
1.1 Overview
Chapter 1 serves as an introduction to some of the major topics discussed throughout the thesis.
This includes topics such as the upper limb anatomy, the relationship between mechanics and the
human anatomy, a general prosthetic review, and thesis outline.
1.2 Upper Limb Anatomy
The upper limb refers to the combination of the upper arm, forearm, and hand, as shown in Figure
1.1 (Forro & Lowe, 2019). Each segment is separated by joints whether it is the elbow joint
between the upper arm and forearm or the wrist joint between the forearm and hand. Joints allow
for the segments to move with respect to one another, providing functional advantages over
situations in which joint movement is hindered. The focus of the following sub sections is to
introduce anatomy specific to the hand and forearm as well as the wrist’s structure and function.
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Figure 1.1. Upper limb anatomy. The main upper limb segments are shown. The elbow joint
connects humerus to radius-ulna, and the wrist joint (not pictured) connects radius-ulna to hand
segments (Arm and Shoulder Bones Anterior View and Posterior View, 2018).
1.2.1 Hand and Forearm Anatomy
The hand and forearm comprise 29 of the 30 bones in the upper limb. Describing from distal to
proximal segments, fingers consist of the proximal, middle, and distal phalanx bones, but the
thumb has only the distal and proximal phalanges (BCcampus, 2013a). Following the phalanges
bones are the five metacarpal and eight carpal bones, shown in Figure 1.2. Next are the radius and
ulnar bones connected via the radiocarpal wrist joint (Bair & Gondal, 2019).

Figure 1.2. Anatomical layout of the left hand. The hand is described by the phalanges, carpals,
radius, and ulna (Anatomy of the Bones: Hand).
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1.2.2 Wrist Structure and Function
There are three main planes that describe the body orientation: sagittal (left and right),
frontal/coronal (front and back), and transverse (upper and lower) (Figure 1.3) (The Three
Anatomical Planes of Movement, 2016). The wrist rotates in all three planes: flexion-extension
occurs in the sagittal plane, radial-ulnar deviation occurs in the frontal plane, and pronationsupination occurs in the transverse plane (Crisco et al., 2011; BCcampus, 2013b). The wrist rotates
because of the movement of the radius and ulna bones, and can be captured with the simplified
radius-ulna models (Yough et al., 2021). This 3 degree of freedom (DOF) joint, along with the
bones in the hand and forearm are essential activities of daily living (ADLs). ADLs are described
as movements that can measure a person’s functional ability to independently take care of theirself;
however, for those who have suffered from transradial amputations, only three of the 30 bones
remain (Edemekong et al., 2020). A transradial amputation is when the bones in the forearm
become severed and only part of them remain (National Academies of Sciences, Engineering, and
Medicine, 2017). In addition to the lack of bones, after an amputation, muscles have also been
severed or completely lost during this procedure. One way to replace the function of the missing
limb is to wear a prosthetic.
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Figure 1.3. Anatomical planes. The body is described in three planes: sagittal, frontal, and
transverse planes (The Three Anatomical Planes of Movement, 2016).
1.3 Mechanical Relationship to Anatomical Structure
The human arm is an over-actuated system where the number of muscles exceeds the number of
joints. Even if this fully actuated system were to be replaced with a prosthetic, to independently
actuate each DOF would be a difficult task due to weight and spatial restrictions (Semasinghe et
al., 2019). Under-actuated systems can reduce space requirement in a mechanical design. In
addition, the principle of remote actuation could be used through the implementation of a Bowden
cable system. What was originally used for bicycle brakes, Bowden cables have been integrated
into both body powered and myoelectric prosthetics (Bowden Cable, 2012). The principles of this
cable system are similar to human mechanics where muscles are connected to the fingers by
tendons to open and close the hand (Bordoni & Varacallo, 2019). Instead of tendons sliding
through a sheath, in a prosthetic the muscles are replaced by actuators and the tendon and tendon
sheath are replaced by an inner cable and outer tube, respectively (Bordoni & Varacallo, 2019).
This mechanical setup can be seen in Figure 1.4.
4

Figure 1.4. Bowden cable diagram. A. Demonstration of an extended finger with all main
components of the Bowden cable system labeled. B. Demonstration of a flexed finger when the
pulley is rotated (Ramirez et al., 2019b).
1.4 Prosthetics Review and Manufacturing Overview
Originally constructed from heavy materials such as iron and steel, modern prosthetics use lighter
alternatives, compatible with 3D printing, including polycarbonates and carbon fiber (Timeline,
2015). 3D printing has become a more popular manufacturing method due to ability to produce
lightweight parts, reduced time from conception to final production, and low overall cost. Several
types of additive manufacturing methods exist including binder jetting, materials jetting, powder
bed fusion, and materials extrusion (Gibson et al., 2015). Although materials extrusion is not quite
as fast as material jetting or as precise as binder jetting or powder bed fusion, it produces some of
the strongest parts available using additive manufacturing and can be done using several types of
materials. In addition, materials extrusion, or more specifically fused deposition modeling (FDM)
printers can be purchased starting at $200 or less making this affordable. Figure 1.5 shows an
example of FDM printing. Complex designs have been developed to include individual finger
actuation with wrist pronation-supination and less frequently with wrist flexion-extension and
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radial-ulnar deviation. Although prosthetics have become more advanced, some prosthetics
continue to be used only for cosmetic purposes.

Figure 1.5. 3D printing process. The filament is fed into the liquefier and then the “liquid-like”
material is extruded onto the build plate (Material Extrusion).
1.4.1 Prosthetic Classifications and Control Techniques
There are two main categories of upper limb prosthetics: active and passive (Ottobock, 2015).
Passive devices serve as a cosmetic replacement to a missing limb generally restoring little to no
function (Maat et al., 2018). Two subcategories fall under passive devices: prosthetic hands and
prosthetic tools. One of the main differences between them is that prosthetic hands are meant to
be used for several types of tasks whereas prosthetic tools are typically designed for a specific task
Static and adjustable capabilities are listed under both categories and refer to either a stationary
device or one that moves when it interacts with the healthy hand or the environment, respectively
Unlike passive devices that lack independent control, active devices are capable of functioning
independently.
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Active devices can serve as a cosmetic replacement while restoring function and include both body
powered and electric powered devices (Ottobock, 2015). The body powered group includes cable
and harness systems such as the Bowden cable system. Body powered prosthetics rely on the
residual limb and the affected side of the body to generate enough force to control the prosthetic
with movements such as opening and closing the hand (Weir, 2005a, p. 32.28). Externally powered
prosthetics include switch, pneumatic, and myoelectric controls and do not require the residual
limb to do any work to operate the device (Weir, 2005a, p. 32.2,32.26). The most common type of
this category is myoelectric control and will be the topic of discussion. Myoelectric control is the
use of electromyographic (EMG) signals, which are the electric potentials measured during muscle
contraction, to carry out movement of the end effector (Reaz et al., 2006). There are many
categories of myoelectric control including on/off, proportional, direct, pattern recognition,
regression, posture, and finite state machine (Geethanjali, 2016). The on/off control strategy is the
simplest since there are only two options for control. The proportional activation is complex, but
it can take into account the dynamical properties of arm during movement and task dexterity.
Opening and closing the hand as all or none can be intuitive with the binary control, but it lacks
the nuanced aperture control needed in grabbing objects of different size and shape. The
proportional control may be achieved through the direct scaling of EMG to the rate of opening closing of hand (Gaetani et al., 2019). The EMG signals could control different motions generated
by the powered prosthetic.
Another type of prosthetic that would take features from both body powered and externally
powered devices is a hybrid prosthetic. This could work by combining electrically powered
servomotors with a Bowden cable system to remotely actuate the device. Although, there are
several control strategies that can be implemented, the first step is choosing type of prosthetic. If
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an active prosthetic is chosen, then the next step is to weigh the advantages and disadvantages of
the devices in this category.
On one hand, body powered devices are typically lighter weight, lower cost, and can lift heavier
objects; however, they are not as aesthetically pleasing and generally do not have the dexterous
capabilities required for ADLs (Uellendahl, 2017; Ottobock, 2015). On the other hand, myoelectric
powered prosthetics tend to be heavier and more expensive, but are able to deliver the energy of
missing muscles, have high DOF capabilities, require less compensation, and have more
independent actions (Uellendahl, 2017; Ottobock, 2015; Pasquina et al., 2015). For example, all
five digits could flex independently for an externally powered prosthetic; whereas, a body powered
prosthetic could only open and close the hand as a single action. The expansion of movement
repertoire, including independent finger control and wrist flexion-extension, is only one of many
preferences that amputees have regarding prosthetics. Others include affordability, sensory
feedback, dexterity, prosthetic durability, socket comfort, and weight. Failure to fulfill these
preferences can lead to prosthetic abandonment (upwards of 20-30%) (Benz et al., 2016; Cordella
et al., 2016). We have no solution that captures all the desired attributes, and the selection of
prosthetics remains a subjective task. Some people consider cost, and others focus on weight over
function and cost, or aesthetics and individual finger control over weight (Benz et al., 2016; Biddiss
et al., 2011; Cordella et al., 2016). Balancing complexity and function can be difficult. While some
simple devices (few DOFs) can perform tasks well, others underperform and cannot complete
tasks. Designs with increased complexity could be difficult to control and add more weight. This
might deter people due to the higher learning curve.
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1.4.2 The Balance Between Complexity and Functionality
The human hand is a complex structure comprised of 27 DOFs (ElKoura & Singh, 2003). Due to
physical limitations, creating a wearable prosthetic capable of individually actuating each DOF is
challenging; therefore, developing underactuated devices to control different DOFs deemed
“important”, is the current approach. One way to determine which DOFs are necessary to actuate
is by evaluating a device’s reach-to-grasp ability. Anthropomorphic reach-to-grasp is an essential
function of hand prosthetics. The grasp itself can be further subdivided into two main types–power
and precision grasps. Spherical grip, cylindrical grip, hook grip, and plate or lateral prehension are
categorized as power grasps, and “chuck” or tripod position, lateral prehension, and pincer grasp
are categorized as precision grasps (Mandich, 2015). Simple one DOF (hand open/close) devices
can complete some power grasps such as the Unlimbited Arm v2.1 and Phoenix v2 Hand by
Enabling the Future; however, this simple body-powered design sacrifices function at the cost of
a low complexity design (“Which Design?,” 2016). Myoelectric devices with multiple DOFs, such
as the Luke Arm, Michelangelo Hand, Bebionic3 Hand, iLimb Quantum, and TASKA, can
perform some of the most common grasps for ADLs including power, precision, and lateral pinch
grasps. Most of the devices have wrist pronation-supination and some have individual finger
control (either all fingers or the index and thumb), but there are less prosthetics available
commercially or developed in research with flexion-extension capabilities. A detailed table of each
commercial and research-based devices can be seen in Appendix A.
1.5 Thesis Overview
The objectives were to simulate, design, manufacture, and test a newly developed 6 DOF
prosthetic. This process was broken into several chapters. Chapter 2 serves an introduction focused
on presenting the research problem. In this chapter I discuss where current research stands on
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prosthetics and the wrist flexion-extension DOF, and where there is a gap. This is followed by the
solution approach where I present the steps taken to bridge this gap. The next chapter, Chapter 3,
revolves around the simulation of the original robotic arm design. Included is detailed information
on the modeling methods using the database of movement tasks generated in our previous work
(Sobinov, 2019). Chapter 4 describes the device design, its development with hardware selection,
and the manufacturing method. I explain in detail how the control system worked along with the
process for synchronizing the command and response signals. Furthermore, a step-by-step solution
is shown for calculating the joint angles starting with the marker placement. Device testing is also
explained including equipment setup and the experimental tasks that were performed. The results
are presented in Chapter 5. These include simulations used to perform the hardware selection and
experimental testing. I performed calculations of the latency between the command and response
signals and the root mean square error (RMSE) between the kinematics of reference and response
angles. The results are discussed and summarized in Chapter 6. This section details other design
choices that were considered, but not selected, as well as possible improvements that could be
made. Discussion of the data is presented for both the simulation and experimental results as well
as overall experimental limitations and mitigations. Finally, future work is discussed, followed by
a wrap up of the project in the concluding section.
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Chapter 2: Introduction
2.1 Overview
This chapter provides a brief introduction to the problem including current prosthetic research and
the gap between what is necessary for a functional prosthetic, and why it is not being delivered. A
solution approach is presented focused on filling this gap. It includes the design, manufacturing,
and testing of an alternative multi-DOF device.
2.2 Problem
The wrist joint is used in at least 24 different ADLs, but when the wrist is unable to function at
full capacity postural actions at other joints may be required (Neumann, 2017). For example,
shoulder compensation increases when the wrist is splinted during reaching over barriers (Mell et
al., 2005). Even rudimentary wrist flexion-extension function (limited to three positions:
extension, neutral, and flexion) has functional advantages over the non-flexible wrist in every
grasp during the Southampton Hand Assessment Protocol test (Kyberd, 2012). Despite the proven
benefits, wrist flexion-extension is less frequently seen among commercial and research prosthetic
devices (Appendix A). One issue with this is that it is not always clear that increased effectiveness
and improved function are associated with the addition of wrist flexion-extension (Deijs et al.,
2016; Olsen et al., 2019). In Deijs et al., the addition of wrist flexion-extension did not result in
functional improvements; however, there was high inter-individual variability (15%-50%),
indicating that there may have been confounding factors shaping performance (Deijs et al., 2016).
Although no compensatory change in shoulder posture was detected between the wrist conditions,
the compensation associated with trunk motion was not measured, and it was shown in a related
study (Bertels et al., 2009). Similarly, wrist flexion-extension function did not result in faster task
completion in another study where neither shoulder nor trunk movements were measured (Olsen
11

et al., 2019). Thus, the lack of improvements in this type of study could have been due to the
reliance on the compensatory mechanisms at other body segments. When the compensation was
matched between conditions, the addition of wrist flexion-extension resulted in the improved
performance. Thus, it is imperative to measure compensatory movements and include them in the
consideration of performance. Regarding the speed of task completion, speed could also be
affected by lack of proper compensatory measurements as relying on other parts of the body to
complete the task would skew the results. We then might ask the question, if wrist flexionextension is beneficial, why is it not included in commercialized prosthetics? To answer we need
to examine the challenges of using wrist flexion-extension in addition to the pronation-supination
wrist action. The limitations include prosthetic weight, size, and overall controllability. It has been
suggested that pronation-supination and not flexion-extension is more important for the wrist
function; therefore, when designing a simple device, an added pronation-supination DOF is
preferred over the flexion-extension DOF despite the benefits of reduced compensation (Fan et al.,
2016; Kanitz et al., 2018; Kyberd et al., 2011; Olsen et al., 2019). The average hand weighs around
0.4 kg, and, subsequently, hand prosthetic weight is recommended to be under 0.5 kg, which limits
the number of independent actuators and their power usually correlated with weight (Belter &
Dollar, 2011). Device size is typically defined by anthropomorphic measurements for functional
and aesthetic reasons. The space limitation affects may be further exacerbated by the space
required for the interface with the residual limb left, the less space there is to work with inside of
the device. Finally, controlling two DOFs at the wrist is difficult. Not only must both be able to
move independently, but they must also move together in certain circumstances. For example, the
simultaneous control of both pronation-supination and flexion-extension during complex tasks,
like picking up a teacup, is more intuitive than the control of single actions. This is not easily
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achievable by simply hooking up a motor directly to the hand as is seen with pronation-supination.
Despite the potential drawbacks of adding wrist flexion-extension, this capability may improve
functional performance.
2.3 Solution Approach
The goal of this study was to add wrist flexion-extension to an open-source 3D printable robotic
arm. The starting point in our development was a 7-DOF robotic arm (i.e., InMoov) with the
following DOFs: wrist pronation-supination, thumb abduction-adduction, and thumb, index,
middle, ring, and small finger flexion-extension (Hand & Forearm). This device was chosen for
its open-source control and simple design. Humanoid anthropomorphic naturally dexterous
intelligent hand is an example of a device developed from the same open-source foundation, which
was modified to include features such as force sensors and position sensors for improved prosthetic
control (Brenneis et al., 2017). Despite both the original and modified devices having similar
DOFs, neither included the wrist flexion-extension DOF. The new device was designed and
demonstrated to move each available DOF and simultaneously multiple DOFs in a diverse set of
realistic hand movements. The purpose of testing individual finger movements was to demonstrate
movement over the device’s ROM. The purpose of testing full hand movements was to
demonstrate prosthetic performance in movements similar to those commonly seen during ADLs.
These goals were accomplished in three steps. First, the prosthetic design was instructed by
simulations of the robotic arm with an added wrist flexion-extension DOF to provide suggested
servomotor requirements. Second, I developed a prototype using computer aided design (CAD)
and manufactured it using 3D printed rapid prototyping. Finally, I tested it by demonstrating its
movement range and dynamics.
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Chapter 3: Simulation
3.1 Overview
This chapter details the design of a new 6-DOF device presented in the study. Initially introduced
are the preliminary simulations and their involvement in hardware selection. Following this are
the design and manufacturing, control methods, performance metrics, and the experimental setup
and testing.
3.2 Modeling
In this study, I modified the original robotic arm to include wrist flexion-extension, and used
Simscape Multibody (MATLAB) to perform static and inverse dynamic simulations. The purpose
of these simulations was to obtain the torques generated at the wrist during flexion-extension and
pronation-supination for various arm postures, spherical weights, and wrist rotational speeds. The
20-DOF model consisted of 20 major segments with inertia defined by segment geometry (from
the CAD model) and uniform material density. To simplify the simulation, only one DOF could
move at a time: either wrist flexion-extension or pronation-supination. Throughout the simulation,
the fingers remained flexed around a spherical solid: this was representative of moving a physical
object encountered in daily life. This setup can be seen in Figure 3.1 (A-C) with the sphere placed
at the palm’s center of mass (CM), to simplify analytical calculations. Within the global coordinate
system, the model was oriented with the positive x-axis pointing from lateral to medial, the y-axis
pointing from the posterior palm to the anterior palm, and the z-axis pointing from proximal to
distal along the arm segment, also shown in Figure 3.1 (A-C). Local coordinate systems were also
established at each segment.
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Figure 3.1. Neutral wrist orientation. A. Anterior, B. side, and C. isometric views of the model
orientation within the Simulink environment.
The model was simulated using ode45 (variable step Runge-Kutta), with a relative tolerance of 103

. Since the model was not run in real-time, the variable step size was not an issue. The accuracy

of the model was determined by comparing two sets of simulations with a maximum step size set
to either 10-3 s or 10-5 s (Important Concepts and Choices in Physical Simulation - MATLAB &
Simulink). Performing simulations at both step sizes allowed for the ability to verify the numerical
stability of the solution. This was tested by taking the difference in the step sizes, and if there was
no difference then the solution was stable and it was acceptable to use either the larger step size of
10-3 s or the smaller value of 10-5 s.
3.3 Movement Tasks
Two movement types were discussed in this section. The first was used to help determine hardware
requirements, one of the preliminary steps in the design process. The second was used during
experimental testing to demonstrate kinematic movements of an ideal human hand.
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3.4 Hardware Requirements
Simulations were performed to determine the minimal configuration of the required servomotor
hardware. I defined the requirements with various combinations of postures (horizontal, diagonal,
and vertical limb orientation), rotational speeds (15, 30, 60, 120 deg/s), and weights (0, 1, 2, 6 kg).
In the dynamic flexion-extension movement, the DOF was placed in the initial neutral position
(arm oriented with fingers parallel to the forearm) and moved into full flexion, returned to neutral,
then full extension, and finally returned to the neutral position. Similarly, for the pronationsupination DOF, the wrist was moved through the sequence: neutral, full pronation, neutral, full
supination, neutral.
To simulate the effects of gravity, the model remained fixed in the global coordinate system (CS)
and the gravity vector was rotated to simulate the different postures. For example, in the case of
Figure 3.2 (A) the arm is in a horizontal position because gravity is acting in the x direction (with
a [9.81, 0, 0] XYZ vector). Similarly, in the diagonal and vertical orientations, gravity points in
the -XZ (gravity is partially in both the x and z directions) and -Z directions with vectors [6.936,
0, -6.936] and [0, 0, -9.81], respectively.
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Figure 3.2. Arm postures based on the effects of gravity. A. Horizontal, B. diagonal, and C.
vertical model orientations within the Simulink environment. These orientations represent the
different positions of an arm during activities of daily living.
3.5 Kinematics of an Ideal Human Hand
Complex movements comprising ADLs served as the basis for selecting the repertoire of the
simulated movements (Sobinov, 2019). Individual DOF movement profiles were created to
simplify complex motions and better display the capabilities of each DOF separately. The input
trajectories were created using cubic splines to map the range of motion (ROM) of the DOF.
Originally the data included the position, velocity, and acceleration for each joint of an ideal human
hand, but it was modified to only include positional changes. The ideal data is defined by the ROM
of an average human hand. Using a set period of time this the data is mapped using a spline,
between the ROM limits. This ideal database served as a metric of comparison between the
accuracy of a human hand and that of the new 6-DOF device.
3.6 Analytical Calculations
The simulation, described above, was verified using analytical calculations. A simplified model
was created, and the hand was represented by a simple rectangular shape. The weight was
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represented by a spherical solid. One assumption was that calculating the moment of inertia for
the hand separately from the sphere would not cause significantly different results from the
simulated ones. So instead, the weight of the hand (~0.2 kg) was added to the sphere. Detailed
equations are presented in Appendix B explaining how the forces, moments of inertia, and torques
were calculated. The following briefly explains the three movement tasks that were verified and
where the angles were measured to calculate the distance for the torque calculations.
The first movement was performed with the arm in a vertical posture. During this movement, the
wrist was flexing and extending at a maximum rotational speed of 120 deg/s holding a 6 kg mass.
The weight was represented by the red vector which always acts in the negative global z direction,
as shown in Figure 3.3. This figure was adapted to be able to calculate the wrist torques in a
horizontal posture as well. The second movement also examined the wrist during flexion-extension
motion, but this the maximum rotational speed was 30 deg/s holding a 1 kg mass. In this movement
the forearm was rotated 90° clockwise such that the global x-axis was along the center axis of the
forearm and the z-axis was perpendicular to the palm. Again, the weight vector acted in the
negative z-direction.
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Figure 3.3. Diagram for analytical wrist flexion-extension calculations. This diagram was used
in the calculation of wrist torques, in a vertical posture, during flexion-extension. The figure was
adapted to be used when the wrist was horizontally positioned.
The third movement was also in the horizontal direction. This time wrist pronation-supination was
the prescribed motion moving at a maximum rotational speed of 60 deg/s holding a 6 kg mass.
Figure 3.4 shows several examples of the wrist during pronation from which the angles were
calculated. These angles were used in conjunction with the distances (represented by green or red
lines to the CG) and the weight to calculate the toque about each axis. Figure 3.4 (A) shows the
wrist in a neutral posture with the CG offset by an angle ψ from the x axis. This angle remained
constant through the entirety of the movement. Panel B represents any angle, θ between 0° and
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90°. The sum of θ and ψ represents the angle of the CG measured from the global x axis φ. Panel
C represents when θ is at 90°. At this point the local x and global y-axis have aligned. The distance
from the CG to the axes can be calculated with the two angles shown. Finally, panel D shows
where the CG would lie at angles larger than 90° but smaller than 270°.
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Figure 3.4. Diagram for analytical wrist pronation calculations. A. The wrist oriented in a
neutral position (0°). B. Cases when the wrist has been pronated more than 0° but less than 90.
C. The wrist has pronated to 90° and the local x axis has aligned with the global y axis. D. This
is when the wrist has pronated beyond an absolute angle of 90° but less than 270°.
The other half of the pronation-supination movement was when the wrist was supinated. Figure
3.5 demonstrates one case of supination. It is similar to the pronation calculations except this
time the sign has changed.

Figure 3.5. Diagram for analytical wrist supination calculations. This figure shows one
position in which the distances were able to be calculated using the known angles above.
The equations of motion below were used to calculate the torques generated at the pronationsupination and flexion-extension axes. Calculating the sum of forces was the first step to determine
the analytical torque, and this process can be seen in Appendix B. After the forces were summed
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in the x, y, and z directions, the next step was to determine the summation of moments about each
axis (Hibbeler, 2013). This is shown in eq. (3-1) through eq. (3-3).
� 𝑀𝑀𝑥𝑥 = 𝐼𝐼𝑥𝑥𝑥𝑥 𝜔𝜔̇ 𝑥𝑥 − �𝐼𝐼𝑦𝑦𝑦𝑦 − 𝐼𝐼𝑧𝑧𝑧𝑧 �𝜔𝜔𝑦𝑦 𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑥𝑥𝑥𝑥 �𝜔𝜔̇ 𝑦𝑦 − 𝜔𝜔𝑧𝑧 𝜔𝜔𝑥𝑥 �

(3-1)

−𝐼𝐼𝑦𝑦𝑦𝑦 �𝜔𝜔𝑦𝑦 2 − 𝜔𝜔𝑧𝑧 2 � − 𝐼𝐼𝑧𝑧𝑧𝑧 (𝜔𝜔̇ 𝑧𝑧 + 𝜔𝜔𝑥𝑥 𝜔𝜔𝑦𝑦 )

� 𝑀𝑀𝑥𝑥 = 𝐼𝐼𝑥𝑥𝑥𝑥 𝜔𝜔̇ 𝑥𝑥 − �𝐼𝐼𝑦𝑦𝑦𝑦 − 𝐼𝐼𝑧𝑧𝑧𝑧 �𝜔𝜔𝑦𝑦 𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑥𝑥𝑥𝑥 �𝜔𝜔̇ 𝑦𝑦 − 𝜔𝜔𝑧𝑧 𝜔𝜔𝑥𝑥 �

(3-2)

� 𝑀𝑀𝑧𝑧 = 𝐼𝐼𝑧𝑧𝑧𝑧 𝜔𝜔̇ 𝑧𝑧 − �𝐼𝐼𝑥𝑥𝑥𝑥 − 𝐼𝐼𝑦𝑦𝑦𝑦 �𝜔𝜔𝑥𝑥 𝜔𝜔𝑦𝑦 − 𝐼𝐼𝑧𝑧𝑧𝑧 �𝜔𝜔̇ 𝑥𝑥 − 𝜔𝜔𝑦𝑦 𝜔𝜔𝑧𝑧 �

(3-3)

2

2

−𝐼𝐼𝑦𝑦𝑦𝑦 �𝜔𝜔𝑦𝑦 − 𝜔𝜔𝑧𝑧 � − 𝐼𝐼𝑧𝑧𝑧𝑧 (𝜔𝜔̇ 𝑧𝑧 + 𝜔𝜔𝑥𝑥 𝜔𝜔𝑦𝑦 )

−𝐼𝐼𝑥𝑥𝑥𝑥 �𝜔𝜔𝑥𝑥 2 − 𝜔𝜔𝑦𝑦 2 � − 𝐼𝐼𝑦𝑦𝑦𝑦 (𝜔𝜔̇ 𝑦𝑦 + 𝜔𝜔𝑧𝑧 𝜔𝜔𝑥𝑥 )

The 𝐼𝐼 terms correspond to the mass moment of inertia with units of (kg⋅m2), the 𝜔𝜔̇ term corresponds
to the angular acceleration (rad/s2), and the 𝜔𝜔 term corresponds to the angular velocity (rad/s) all

of which are with respect to axis of the attached subscript. The moment eq. (3-1) through eq. (3-3)
are measured in units of Nm. Figure 3.3-Figure 3.5 were crucial to properly determine the mass

moments of inertia as well as with properly determining the force and its direction in the
summation of torques equations. Using eq. (3-4) through eq. (3-6), the torque about the x-axis and
z-axes which correspond to the wrist flexion-extension and pronation-supination axes,
respectively, was calculated (Hibbeler, 2013).
� 𝑇𝑇𝑥𝑥 = 𝑀𝑀𝑥𝑥 + 𝑧𝑧𝐹𝐹𝑦𝑦 + 𝑦𝑦𝐹𝐹𝑧𝑧

� 𝑇𝑇𝑦𝑦 = 𝑀𝑀𝑦𝑦 + 𝑥𝑥𝐹𝐹𝑧𝑧 + 𝑧𝑧𝐹𝐹𝑥𝑥
� 𝑇𝑇𝑧𝑧 = 𝑀𝑀𝑧𝑧 + 𝑥𝑥𝐹𝐹𝑦𝑦 + 𝑦𝑦𝐹𝐹𝑥𝑥
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(3-4)
(3-5)
(3-6)

The 𝑀𝑀𝑥𝑥 , 𝑀𝑀𝑦𝑦 , and 𝑀𝑀𝑧𝑧 values correspond to the moment outputs. The x, y, and z values are the

perpendicular distance to the forces in the Fx, Fy, and Fz directions measured to the appropriate
axis of rotation.
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Chapter 4: Design and Testing
4.1 Overview
The design for the new 6-DOF device was organized into three main sections: hand and finger,
wrist and forearm, and the compact controller design. The section on the hand details the finger
layout and mechanical design. The wrist and forearm section examines the motor placement, and
the compact controller design discusses the components housed in the system as well as the
Bowden cable system.
4.2 Hand Design
Weight and space limitations are two major constraints when designing a prosthetic. Weight
reduction is necessary to minimize strain on the residual limb, and minimizing space is necessary
such that there is room for the residual limb. Typically, prosthetics strive to be under 0.5 kg;
however, some research-based prosthetics can weigh as much as 2.2 kg. To help increase space
and reduce weight, I took advantage of the natural interdependency of the middle, ring, and small
fingers with one another, and designed the hand to incorporate this ability. Using a Whipple-treelike mechanism, these fingers were coupled to minimize both space and hardware (as shown in
Figure 4.1(B) and (C)). Unlike a typical Whipple-tree, the mechanism does not rotate; however,
the design principle of a main cable actuating multiple cables was used (Cuellar et al., 2018;
Meetze, 2020). The thumb and the index finger were the only two independent digits. Due to their
independency, both digits flex-extend (or abduct-adduct) with their own pulley cable; however,
the middle, ring, and small finger were coupled.
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Figure 4.1. Controller and prosthetic assembly. A. Bowden cable system with controller and
terminal device, B. the hand in an opened position with the “Whipple-tree” like mechanism, C.
demonstration of how pulling on the cable will close the middle, ring, and small fingers, D. the
wrist design for flexion-extension and pronation-supination, E. bicep attachment for amputees,
and F. bicep attachment for healthy subjects.
The hand was designed (Autodesk Inventor, 2019) with four fingers and one thumb, to resemble
the physical appearance of a human hand. In total, there were four actuated DOFs: thumb
abduction-adduction, thumb flexion-extension, index flexion-extension, and the coupled flexionextension of the middle, ring, and small fingers. The layout of each finger was comprised of
segments connected by joints. Each joint included a torsional spring held in place by a pin (as
shown in Figure 4.2). This uses a similar approach to Dalley et al. (2009) by taking advantages of
the natural extension properties of a spring (Dalley et al., 2009). A combination of springs and
cables, instead of muscles and tendons, were used to flex-extend the fingers. The cable forced the
fingers to flex when the servomotor was activated, while the springs passively actuated the system
helping to stabilize and restore the hand to an extended position.
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Figure 4.2. Hand layout. The hand diagram includes the palm as well as the thumb, index, middle,
ring, and small fingers (right to left). Between each finger segment is a torsional spring held in
place by a pin.
This system is known as forced-close: a force, in this case provided through a pulley system,
caused the hand to close and when it was removed, the hand voluntarily returned to an extended
position. The necessary spring torque required to restore the hand to an extended position was
calculated to be approximately 0.014 Nm and under for all joints. The estimated torque, 𝜏𝜏, was

calculated as shown in eq. (4-1), with the spring represented by the orange circle to the bottom of
Figure 4.3 (A, C) and left of Figure 4.3 (B) (block 1).
𝜏𝜏 = � 𝑚𝑚1 𝑑𝑑1 + 𝑚𝑚2 𝑑𝑑2 + 𝑚𝑚3 𝑑𝑑3

(4-1)

The mass for each block is represented by 𝑚𝑚 and the distance from the block’s center of mass to

the fixed point is represented by 𝑑𝑑. After performing the calculations, and testing multiple sets of

springs, the springs that were selected for the project were a 180° right hand wound spring with a
maximum torque of 0.302 Nm and a 180° left hand wound springs with a torque of 0.0454 Nm.
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The springs with the larger torque were used at the joints where the finger segments attached to
the palm, and the springs with the smaller torque were used in the remainder of the finger joints.

Figure 4.3. Sample schematic used to demonstrate torque calculations. A. Representation of
the finger in an extended position with the springs in a neutral position. B. Representation of how
the torque was calculated at the metacarpal joint (orange circle to the far left of block 1). C.
Representation of how the torque was calculated at a single segment.
4.3 Wrist and Forearm Design
The wrist was designed with the goal of increasing the actuated DOFs to incorporate not only
pronation-supination, but also flexion-extension. A similar attempt to add these DOFs was seen in
Olsen et al. (2019) (Olsen et al., 2019). I similarly used two servo motors in the wrist; however,
the motors were directly attached with a bracket in between a low-profile servomotor for
pronation-supination and a standard servomotor for flexion-extension. Figure 4.1 (D) shows how
the servos were attached to one another. The servo for pronation-supination attached directly to
the forearm. The forearm was a hollow segment that could be used for the interface with an
amputee’s residual limb. To use the device, an added attachment as shown in Figure 4.1 (E) could
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be implemented. For healthy individuals, the bicep attachment in Figure 4.1 (F) could be used
instead, where the device would be mounted in parallel to the forearm.
4.4 Compact Controller Design
The controller system housed the following hardware: two batteries, a microcontroller, and four
servomotors (Figure 4.1 (A)). The batteries serve as a portable powerhouse for the servos which
were used to drive the Bowden cable system. I designed the hardware to be stored in a remote
compact location to help minimize the weight in the residual limb. In the work of Delph et al. their
servomotors were similarly stored in a backpack design but were bulky and not practical for a
portable prosthetic. The Bowden cables were arranged on the side of the controller and travel
directly to the hand. The 3.89 mm OD and 1.57 mm ID tubes were fixed at both ends using conduit
bulkhead fittings that screw into a fixed point. Running through the tubes was 7x19 cable with a
0.97 mm diameter stretching the length of the fingertips to the servos.
4.5 Manufacturing and Hardware
There were several manufacturing methods that could have been selected to produce the device;
however, trading off between availability, cost, speed of manufacturing, and weight, 3D printing
was the most viable option. Regarding availability, with 3D printing growing in popularity it is
becoming more easily available, this allows the device to be easily reproduced for either personal
or commercial use. Product cost and speed vary depending on the size of a component, its weight
(in regard to how dense the object happens to be), and complexity. For example, the center palm
piece shown in Figure 4.2 cost $1.59 to produce. It weighed 51g and took 9hr and 19min to
manufacture. Despite the longer print times, this method of manufacturing was affordable, durable,
and I was able to print with several types of materials. Some parts took more or less time depending
on the parameters above. These specifications were based on one material selected, known as
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PETG. Other materials included PLA and TPU. PLA and PETG are more rigid thermoplastics
(PETG is more durable though) whereas TPU is a flexible thermoplastic (Ultimate Materials
Guide -Tips for 3D Printing with PLA, 2020; Ultimate Materials Guide - 3D Printing Flexible
Filament, 2020; Ultimate Materials Guide - Tips for 3D Printing with PETG, 2020). TPU was
used in situations such as the fingertips where flexibility could help with grip. PLA and PETG
were used interchangeably; however, PETG has its advantages in components where durability is
needed.
The finger and thumb movement was controlled using four 1.96 Nm servomotor. All motors and
Arduino Mega 2560 microcontroller were powered by two 5000 mAh GFORCE batteries.
Additional hardware included the cable and conduit end fittings.
4.6 Control
Ideal joint trajectories, as described previously, were used to drive the servomotors. To ensure the
system was running as close to real time as possible, a time controller was implemented to properly
adapt the command signal to the ideal input signal. There were only four actuators controlling the
fingers and thumb with their motion described by the MCP and CMC joint trajectories,
respectively, the additional actuators were used to drive the two wrist DOFs. The goal was to drive
the device using kinematics; therefore, some conversion was necessary. To use the kinematic
inputs, they were first mapped onto the angular ROM of the servo motor pulley. The angle was
normalized to the pully limits and then mapped to the motor input limits (between 0-1). Each time
a command was sent from MATLAB, the time was recorded. If the time to execute the command
was longer than the ideal (reference) signal, then the code would essentially “catch up” to the ideal
time.
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One important metric to quantify during the movements was the latency between the command
and response signals. The first step to do this was to timestamp the data for both the command
signal and the kinematic output signal, over the course of the trial. This process can be seen in
Figure 4.4. The data was then synced and for each movement, cross correlation was performed to
determine the time delay of the command and output signals. Since there were fewer motors than
there were joints, the same command signal was used to calculate the corresponding delay for all
joints in a finger. For example, the index finger consists of the MCP, PIP, and DIP joints, and it is
driven by one servomotor; therefore, the cross correlation was performed using the same command
signal but varying the output signal corresponding to the different joints. Figure 4.5 shows and
example of the different start and end times for the ideal, command, and output signals.

Figure 4.4. Command and response signal recording process. Both signals were recorded on
the same time server for the purposes of being able to compare the data and determine the delay
between their start times.
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Figure 4.5. Signal delay. 1) Reference/command start time, 2) response start time, 3) reference
end time, 4) command end time, and 5) response end time. The difference between the command
and actual signal start times can be seen in the plot above. The plot also demonstrates the difference
in the joint angles between the ideal, command, and kinematic output signals.
4.7 Experimental Setup
4.7.1 CS Setup
Kinematics of the robotic hand were compared to the reference and command signals. The hand
was instrumented with active LED markers tracked with a motion capture system (PhaseSpace,
San Leandro, CA). The minimal set of needed anatomical landmarks was collected to reconstruct
digit and wrist DOFs, as shown in Figure 4.6-7.
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Figure 4.6. LED hand marker layout. This diagram includes the layout of the LEDs (blue circles)
as well as the local coordinate systems used to calculate the joint angles. The x, y, and z directions
are represented by the red, green, and blue arrows, respectively.
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Figure 4.7. Experimental LED marker layout. A. Palm view of markers 4 through 16. B. Top
view of markers 1 through 3.
Local coordinate systems (CS) were established at anatomical landmarks on each rigid body in the
kinematic chain. These landmarks were labeled with markers 3, 6, and 7 through 16. The kinematic
chain of segments was setup initially at the forearm (established with markers (1-3)). This segment
was rigidly connected on one end, and on the other end there was a two DOF joint separating the
wrist. The wrist was established using markers (4-6). There were three additional joints connected
to the palm including the thumb, index, and ring fingers, each 1 DOF. The thumb and ring were
made up of four segments with three additional joints. The last link in the kinematic chain was the
distal segment for each of the digits. The index finger, unlike the other digits, only had three
segments with two additional joints. With the exception of the forearm, wrist, and first digit
segments, the coordinate systems of the digits were constructed using the most proximal segment.
Figure 4.8 shows an example of how the coordinate systems were constructed by knowing points
on the proximal segment.
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Figure 4.8. Local coordinate system setup. Local coordinate systems were established relative
to the more proximally defined coordinate systems, except the CS at markers 3 and 6.
Most of the finger CSs, including the one at marker 7 in Figure 4.8, used the following method to
generate the local x, y, and z axes. Using the local CS at marker 6, the distances to points f1, f2,
f3, 7b, and 7c were measured. To convert these local points into global points, it was necessary to
follow the process shown in Appendix C.1. Here, a specific example for transforming a point in
CS 6 to the global CS is provided. To convert the points to their global form, the rotation matrix
from CS 6 to the global CS was calculated, as well as the coordinates of the point in local
coordinates, and global coordinates of CS 6’s origin. With the CSs established at local joints, the
next step was the calculation of joint angles using the method described in Research Methods in
Biomechanics detailed in Appendix C.2 (Robertson et al., 2013). The joint angles were used in the
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upcoming sections to determine the error in performance between an ideal hand and the new
design.
4.8 Equipment Setup
Eight motion capture cameras were setup in an arc shape to record hand kinematics. Figure 4.9
shows four of the floor cameras. The cameras captured data at 480 Hz, this was later filtered using
a 6 Hz low-pass second order Butterworth filter to smooth the kinematic data.

Figure 4.9. Camera setup. The motion capture cameras were oriented to best capture the LED
hand and forearm markers. Some were placed below the height of the table, slightly above, and
even higher on the ceiling.
The hand and forearm were oriented in a neutral position; however, they were slightly angled off
the floor. This was done to allow the LEDs to be seen better by the cameras. Due to the lack of
available markers, the movement of the middle, ring, and small finger was evaluated using only
the movement of the ring finger (as it is the center of the coupled fingers). Also, the thumb did not
have enough markers to directly measure the movement for both DOFs. To obtain the joint angles
for both the flexion-extension and abduction-adduction movements an assumption made was that
the normal to the plane, made up by the 3 thumb markers (14-16), was parallel to the palm normal.
The angle between these two normals was the thumb abduction-adduction angle. To prevent
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translational motion, the forearm was clamped and placed on a stationary table (shown in Figure
4.10). The controller was also fixed to the table. By securing both ends of the system, the Bowden
cable would properly slide within the inner tubing to open and close the fingers. A total of 10
movements, listed in Table 4.1, were performed 10 times each. Movements 1-6 were explicitly
shown with an associated CAD drawing. The remaining movements 7-10 were grouped together
to represent the extension position, meaning that if a digit was to flex and then extend, this is what
it would look like fully extended.

Figure 4.10. Hand and controller system setup. The forearm and hand were fixed and angled to
be in better view of the cameras. The controller system was also strapped to the table to prevent
unwanted movement.
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Table 4.1 Movement tasks. There were 10 movement tasks performed. Each tested an
individual DOF through the entire range of motion.
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Chapter 5: Results
5.1 Overview
The results for the simulation are presented below within the following two sections: simulation
results and experimental results. Simulation results were tailored toward the Simulink model
whereas the experimental results focused on the latency and joint angle RMSE calculations.
5.2 Simulation Results
The data was recorded for a total of 1200 trials. The trials were grouped into two categories based
on their step size: 10-3 and 10-5 s. The normalized root mean square error (NRMSE) was used to
quantify the error of the output torque between the step sizes of 10-3 and 10-5 s. The trials were
grouped into wrist flexion-extension and pronation-supination with a total of 300 NRMSE values
generated for each wrist DOF. The error between the step sizes was found to be zero with at least
10-12 accuracy between the two DOFs tested. Once it was determined that the solution was
numerically stable, Table 5.1 was produced using 10-3 s values, reflecting the worst-case scenario
torques experienced under different conditions. The table was organized by movement type, DOF,
spherical mass, rotational speed, posture ID, minimum torque, and maximum torque. The first was
movement type: this means the wrist is flexing, extending, pronating, or supinating. This was
followed by the DOF in regard to where the wrist torque was measured, either at the flexionextension or the pronation-supination DOF. The next category was the spherical mass, which was
the additional mass the hand had to hold, followed by the maximum rotational speed. The posture
ID describes the posture of the hand and the angle of the non-moving wrist DOF. Finally, the last
two categories include the minimum and maximum wrist torques at the respective DOF measured.
The first four rows corresponded to the overall maximum and minimum torques experienced
regardless of the rotational speed and loading (although the conditions turned out to be the same
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for all four cases). The remaining rows produced torques that were based on a specific rotational
speed and loading condition: 60 deg/s with either a 1 or 2 kg mass. On the lower end of the
spectrum with an absolute minimum torque of 0.0041 Nm was when the hand was positioned
horizontally with the wrist flexed at an angle of 0.7418 radians. The wrist was undergoing
pronation-supination movement and the torque was measured at the flexion-extension DOF, with
a mass of 1 kg and a rotational speed of 60 deg/s.
Table 5.1. Simulated torque data for hardware selection. The table is broken down into several
categories including movement type, DOF, spherical mass, rotational speed, posture ID, minimum
torque, and maximum torque.

In addition to the results regarding hardware selection, the simulation data was also verified with
the analytical calculations. The resulting plots are shown in Appendix D. Movement 1 data can be
seen in panels (A-C), and includes the motion profiles for the position, velocity, and acceleration,
followed by the horizontal and vertical movement of the COG, and lastly the torque comparison
for the analytical and numerical solutions. Similarly, movement 2 data is shown in panels (D-F)
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and movement 3 data is shown in panels (G-I). The local CS of the of the hand was established
with the positive x-axis pointing from medial to lateral, the y-axis pointing from the anterior palm
to the posterior palm, and the z-axis pointing from proximal to distal along the arm segment. This
means that the torque corresponding to flexion-extension was calculated about the x-axis, and the
torque corresponding to pronation-supination was calculated about the z-axis. The normalized
RMSE for each movement is shown in Table 5.2. The smallest errors were seen in movement 1
about the z axis and the largest error was seen in movement 2 about the x axis.
Table 5.2. Normalized RMSE values. These values represent the normalized RMSE between the
analytical and numerical torque data.
Movement 1 Movement 2 Movement 3
Error X Axis

0.0070

0.0151

0.0075

Error Z Axis

0.0028

0.0113

0.0094

5.3 Experimental Results
The latency was calculated between the command and response signals which can be seen in
Figure 5.1 below. The figure was grouped into two examples with latencies of ≥ 200 ms and ≥
400 ms. The example movement corresponding to the 200 ms delay was for wrist flexion Figure
5.1 (A & C) and the movement corresponding to the 400 ms delay was for thumb abduction of the
CMC joint Figure 5.1 (B & D). Figure 5.1 (A) shows a comparison between three signals; however,
the comparisons of interest are between the reference signal (black) and the command signal (red)
as well as the command signal and the response signal (blue). A total of 10 command signals were
sent to the servo motors. The last command signal extends beyond the length of the reference
signal and represents the final signal sent to the motor. It can be seen that the response signal does
not start moving for about 200 ms after the first signal was sent from the motor, but this is more
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prominently seen in Figure 5.1 (C). This panel shows the delay of the reference signal, 200 ms, at
an associated unbiased correlation value (or signal similarity measurement) of 0.47. Similarly, in
Figure 5.1 (B), the reference and command signals were compared, except this time there was one
less command signal sent to the motors compared to the wrist flexion motor. The number of signals
sent could change depending on how fast the motor was able to catch up to the reference value.
The difference in the start times between the command and reference signals was even larger,
measuring 360 ms, as shown in panel (D). The associated unbiased correlation value was 0.49,
showing that the signals were more similar the measured delay value for the thumb CMC joint
than they were for the wrist flexion joint at its corresponding delay value. It should be noted that
the command and reference signals pictured in Figure 5.1 were the original signals and were not
used for the cross-correlation calculation. Cross-correlation was performed between the response
signal and the interpreted command signal such that the signals were equal in length. The start and
end times remained the same for the command signal as shown in Figure 5.1; however, the number
of points between increased.
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Figure 5.1. Examples of signals with representative delays. A. Index flexion at the MCP joint
plotted with the reference, command, and response signals. B. Delay measured in seconds and the
associated unbiased correlation value for the index MCP joint. C. Thumb abduction at the CMC
joint plotted with the reference, command, and response signals. D. Delay measured in seconds
and the associated unbiased correlation value for the thumb CMC joint.
Using cross-correlation, the delays were calculated for all 100 trials across the 16 DOFs and
presented in a boxplot (Figure 5.2). Along the x-axis are the DOFs (where a description is provided
in Table 5.3), and along the y-axis are the corresponding delays. The delays are grouped into two
categories, 200 ms and 400 ms delays. The smaller delays were seen among most of the index
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finger, wrist, and a few thumb movements. The delays for each of these boxplots was not widely
distributed and, in most cases, the mean value was equal to the upper quartile (or lower quartile),
meaning most of the data fell into this upper section (or lower section) of the distribution. It can
be seen that the remaining index, thumb, and all ring finger movements were more widely
distributed in delay values thus showing less consistency of delays between trials testing the same
movements. The servo motors were directly connected to the joint in which they were controlling
the two wrist DOFs, and their data was relatively consistent between trials. The remaining DOFs
were controlled using the Bowden cable system which can introduce more variability into the
system. Since the delays were measured between when the command signal was sent and when
the movement was recorded using motion capture, possible reasoning for this variability in delays
could be more of a mechanical issue specifically regarding the cable system and how it was setup.
The pulley not wound tight enough could have caused the motor to spin but taken longer before
the cable was taught and the finger started moving. There will also be a small delay contribution,
regardless of the mechanical performance, due to the time required to send the command signal
from MATLAB to the servomotors. In addition to calculating the execution delays across the
DOFs, the RMSE values were also determined.
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Figure 5.2. Signal delays across movements. The average delay between each command signal
and the respective joint that is presented above. The servo delays were averaged for the 10 trials
within the respective movement.

44

Table 5.3 Description of DOFs. This table provides a more detailed description of the DOFs
presented in Figure 5.3.
DOF

Description

D2 MCP F

Index MCP DOF during Flexion

D2 MCP E

Index MCP DOF during Extension

D2 PIP F

Index PIP DOF during Flexion

D2 PIP E

Index PIP DOF during Extension

D1 CMC F

Thumb CMC DOF during Flexion

D1 CMC E

Thumb CMC DOF during Extension

D1 MCP F

Thumb MCP DOF during Flexion

D1 MCP E

Thumb MCP DOF during Extension

D1 CMC AB

Thumb CMC DOF during Abduction

D1 CMC AD

Thumb CMC DOF during Adduction

D4 MCP F

Ring MCP DOF during Flexion

D4 MCP E

Ring MCP DOF during Extension

D4 PIP F

Ring PIP DOF during Flexion

D4 PIP E

Ring PIP DOF during Extension

Wrist F

Wrist Flexion DOF

Wrist P

Wrist Pronation DOF

The RMSE values were calculated using the reference and response joint angles. Figure 5.3 (A)
shows an example of the movement “Wrist flexion”. Both signals have been aligned starting at 0,
factoring in the delay. The resulting wrist flexion RMSE value was found to be 8.6 deg. It can be
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seen that the signals start to deviate from one another between the 0.2 and 0.5 second interval.
Both show an increase in joint angle and reach close to the same peak value; however, the response
signal does not follow the ideal path of the reference signal. One possible reason for this was due
to the command signal being approximated when mapped to the ideal inputs. This could have
caused the profile to be skewed since the mapped ROM was projected to be 80 deg, but as shown,
the response signal did not reach that value.
In Figure 5.3 (B), the reference and response signals were plotted for the thumb CMC abduction
movement. Starting off, the abduction angle was below the maximum reference angle; however,
the signals crossed around the 0.2 s level but began to diverge toward the end of the movement,
until the response signal steadied around 11 deg. The RMSE value for this movement was 7.3 deg.
Although some of the error for this joint was due to the mechanics, visually during the experiment,
the thumb traveled through the entire ROM. The most likely reason that the plot does not show a
value closer to 0 at 0.5 s for the response signal is to how the thumb joint angle was calculated.
The thumb abduction-adduction ROM was affected by the necessary calculations to obtain the
flexion-extension plane of the thumb. Due to experimental marker placement, certain positions
during the movement caused the markers to be aligned; therefore, the plane was no longer able to
be calculated. To account for this during the abduction-adduction, the normal of the thumb flexionextension plane was calculated at a point in time during flexion-extension since it remains constant
during the movement. Taking the known global flexion-extension normal vector and knowing that
this is the same normal that would occur at the first instance of abduction-adduction, the normal
was rotated into the thumb local CS for each point over the movement. That being said, if the
thumb normal vector was off at all from the exact parallel normal to the palm, this will cause error
in the subsequent thumb joint angle calculations.
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Figure 5.3. Example RMSE value plots. A. Reference, command, and response signals used to
generate the RMSE value for the index MCP joint. B. Reference, command, and response signals
used to generate the RMSE value for the thumb CMC joint.
The RMSE values for all trials were presented with a boxplot, as shown in Figure 5.4. The
interquartile ranges were very small for all but a few of the distributions. It is also noticeable that
the whiskers are either small or only on one side of the data as well for most of the data. The RMSE
values were not widely spread and tended to be less scattered and more consistent across trials.
The smallest error was exhibited in the thumb CMC joint during flexion was approximately 2°
with the largest error at 55°, found in the ring PIP joint during flexion. The average RMSE across
all joints was 19°. One important piece of information to note from this figure is that the mechanics
(ROM) for the PIP joint was similar across all fingers. It does not appear this way from the figure
though considering the median of the index PIP and ring PIP joints during flexion are nearly 45
deg, and the thumb median RMSE value for the MCP joint is under 5°. [Although the names are
different, the thumb MCP and index/ring PIP joints have the same placement (second joint from
distal segment) in the digits]. Further investigation revealed that based on the segment design, the
joint had approximately a 40°-50° ROM capability. When comparing this ROM to maximum
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ROM for the respective joints, the error could vary significantly. Both the index and ring PIP ideal
joint ROM is 120° whereas the thumb ROM is only 45° leading to large differences in the RMSE
values for these joints. Similarly, this happened with the extension movements of those same
joints. There was not a wide distribution of data for most of joints, the thumb CMC joint during
flexion, ring MCP joint during extension, and ring PIP joint during flexion had the most variation
among trials of the same movement. The wrist DOFs were very similar in RMSE values most
likely due to alignment as the motors were more than capable of covering the full ROM for the
joint.

Figure 5.4. RMSE values across movements. The RMSE value for all movements testes is
presented above.
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Chapter 6: Discussion and Conclusions
6.1 Discussion
In this study, an additional DOF was added to an existing robotic arm. Simulations were initially
performed to determine hardware requirements for the added wrist flexion-extension DOF as well
as the wrist pronation-supination DOF. Modifications were made by adding wrist flexionextension, combining the middle, ring, and small fingers, as well as adding a controller system.
Following the manufacturing of the device, kinematic movement was demonstrated for a variety
of individual movements. This section discussed the reasoning behind the design modifications
that were made, data analysis regarding the simulated and experimental testing, the overall
limitations, future work, and concluding thoughts.
6.1.1 Design
There were several designs were considered. These included individual finger control for all
fingers, reducing the hand to only three or four fingers to mimic more of a tripod gripper, or
possibly even only having a one DOF thumb and wrist. The reason that the hand was specifically
designed with a two DOF wrist and thumb, individual index finger control, and coupled middle,
ring, and small fingers was to maximize function without encroaching on space limitations. The
index finger was designed this way to mimic human grasping, as it is the most independent of the
four fingers (Häger-Ross & Schieber, 2000; Kilbreath & Gandevia, 1994; Mason et al., 2001). For
similar reasoning the thumb was designed in this manner as it accounts for nearly 40% of hand
function (Weir, 2005b, p. 32.32). One study even demonstrated that a 2-DOF thumb in a 4-DOF
hand was comparable to a 23-DOF hand during most grasps tested (Montagnani et al., 2016).
Although the thumb was not modified significantly from the original design, the two DOF
capabilities allowed for precise grasping when used with the index finger.
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In terms of the wrist, although the specifications of the motors were not known to start, one design
constraint was implemented, and that was the use of a low-profile servo for the pronationsupination DOF. The purpose of this was to provide a compact design and reduce the overall length
of the forearm such that the device would be as close to the length of the natural human arm as
possible. The pronation-supination DOF combined with the flexion-extension DOF design has
been implemented in a similar work by Olsen et al.; however, this was only an attachment for
existing prosthetics and did not address where the additional motors would go for driving the hand
(Olsen et al., 2019). Our solution not only has this additional DOF along with pronationsupination, but it also relocates the motors to a controller system to reduce the weight on the
residual limb. In a similar work by Delph et al., a rehabilitation glove was used to help patients
move their fingers; however, the design was based on a controller system that used servomotors
to distally actuate the fingers from an exoskeleton perspective. Although a similar method was
used to actuate hands from distal locations, our design and implementation is to be used with
prosthetic applications (Delph et al., 2012). This requires the design and development of not only
a controller, but the prosthetic hand and forearm.
The prosthetic hand and its layout have been discussed, but equally important was the design of
the Bowden cable system and how it interacts with the hand. Although a pull system with a
torsional spring inserted in the fingers was the design chosen, other systems were considered
including gear, pull-pull, and push-pull. Gear systems for example, have the benefit of creating a
compact design by locating the motors proximally in the fingers; however, the location can cause
added weight to the device and smaller motors can reduce the amount of grip force available
(Krausz et al., 2016). The advantage to pull-pull systems is their ability to produce a strong flexion
and extension force and are generally only subject to deflection within the cable system
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(Steuernagel). The downside is that they require two cables per finger actuated. The push-pull
system is beneficial because it can reduce the number of cables needed in half, compared to a pullpull system; however, the cable must be rigid enough to be pushed while also maintaining
flexibility for prosthetic applications. In addition to this, it is subject to both backlash and
deflection reducing the efficiency of the system. A compromise between these systems was the
integration of torsional springs into the finger joints. The springs take care of the push factor by
restoring the fingers to an extended position, while the cables pull cause the fingers to flex and
grasp around an object. The cable system allows for multiple joints to be actuated at the same time
and from the same actuation source; for example, the driving joint (i.e., MCP or CMC) is able to
move through its ROM (𝜃𝜃) and the follower joints (i.e., DIP and PIP) move as a percentage of the

driving joint (0.72𝜃𝜃) and (0.23𝜃𝜃), respectively (Ramirez et al., 2019a). The specific springs
selected for the project were based on calculating the torque needed to lift the 3D printed fingers
into an extended position against gravity. The calculation did not account for the resistance of the
cable, lining the fingers, that the spring would have to also work against to restore the fingers.
Instead, a few springs were selected and tried based on the inner diameter (how well they fit within
the fingers) and a torque minimally above the spring torque calculated. The spring would not only
have to be able to lift the finger, but also pull the cable which was subject to friction. The wind
direction of the spring (left or right-handed) was also chosen based on the specific space
requirements as the direction would have caused the leg length to be shortened.
Despite the benefits of Bowden cable systems including their ability to actuate from a distance,
they do have some potential drawbacks. One of these design considerations or trade-offs that arise
is deflection (less so backlash as this is more of a concern with push-pull systems). Minimizing
the deflection was considered by fixing the conduit near an anticipated bend i.e. around the
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elbow/bicep etc. and reducing the bends where necessary (Steuernagel). Reducing the bends can
also help reduce friction and improve the efficiency (Steuernagel). One way the bending was
reduced was by running the tubing out the side of the controller system rather than from the top
and down the shoulder (Nycz et al., 2016). Although there were many options to actuate the
fingers, the option with the most benefits and fewest drawbacks was the pull cable system paired
with the torsional springs.
During testing, it was noted that the thumb flexion-extension servomotor began to fail. The
potential cause for this was due to the constant tension on the thumb for 4+hrs. The load combined
with the prolonged duration of servomotor usage caused overheating. This motor was replaced,
and the experiment did continue as planned. Also, regarding the thumb, due to maker placement,
they ended up aligning during the experiment. This required additional calculations to create a
plane that would be useful to calculate the thumb angles.
6.1.2 Data Analysis
To clarify the results presented in Chapter 3 for the simulation and experimental testing, I will
discuss them in further detail. Due to no noticeable difference seen between the step sizes checked,
it was found that the step sizes evaluated did not affect the accuracy of this solution. That being
said, due to computation time, the 10-3 s results were used. The simulation results showed the
largest torque at an absolute value of 4.0795 Nm; however, this torque is not typically encountered
performing everyday tasks such as drinking a cup of coffee, brushing your teeth, or buttoning your
shirt. To better fit within the scope of the experiment, while still providing enough torque to be
useful, the servomotor selected for pronation-supination was a 1.18 Nm low-profile servomotor.
The servomotor chosen for flexion-extension was rated at 1.96 Nm of torque. The low-profile
servomotor allowed for a compact design and the flexion-extension motor had a built-in U-mount
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to allow the hand to rotate about the motor. Both motors would be more than capable of completing
tasks with a 1 kg mass moving at 60 deg/s. For studies that would want to test conditions outside
of these, it would be recommended to change the motors depending on the testing performed with
the arm.
In terms of the simulation verification, the smallest NRMSE values were seen during conditions
in which the weight was 6 kg, and the larger NRMSE values were seen when the weight was 1 kg.
This could be attributed to assuming all the weight acted at the COG even for the hand itself despite
only weighting ~0.2 kg. The issue with that is 0.2 kg is only 3.3% of 6 kg whereas 0.2 is 20% of
1 kg. By neglecting the actual geometry of the rectangular shape and only considering the moment
of inertia generated by the sphere with the added hand weight, this could cause the error to be
higher at smaller weights.
In Chapter 4, the error between the ideal and output joint angles was quantified using the RMSE
values. The average RMSE value was 19 deg across all joints, with the best and worst values
spanning 2 to 55 deg (MCP and third digit PIP DOFs, respectively). In addition to the reasons
discussed above, possible additional reasons attributing to the larger errors in the middle, ring, and
small finger combination was the design of the Whipple tree mechanism. Increasing the length of
the cables for the ring and small finger would have helped to increase the extension ROM. Also
providing more room for the cable connection to slide and not get caught during the pulling motion
would have improved the flexion as well. Despite the inaccuracies among the finger joints, the
wrist joints both showed high accuracy (RMSE < 9) and small delays (≤ 200 ms).
Regarding the latency, the smallest delays occurred in the index finger, wrist flexion, wrist
pronation, and some thumb movements, where larger delays (close to 360 ms) were seen in the
remaining thumb and ring finger joints. Based on the mapping technique used to take kinematic
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inputs and produce servo movements as the output, additional error was introduced. This error
caused the delay for the output signal to vary over the course of the movement rather than be more
constant. Had the inputs been mapped through the entire ROM of the joint with mechanical
limitations implemented, rather than underestimating the capable ROM, less error would have
occurred.
6.2 Limitations and Mitigations
6.2.1 Simulation
Some of the limitations to the simulation in Chapter 3 include only actuating the wrist DOFs. The
model would have to be adapted to test other grasping postures and the torque required to actuate
other DOFs. Also, the rotational speed and weight selections were limited. To better account for
the human wrist, the rotational speed could be increased even as high as 180 deg/s or more.
6.2.2 Design, Hardware, and Testing
Some of the limitations to the design presented in Chapter 4 included using springs to restore the
fingers to an extended position. Some of the fingers did not extend as far as those anatomically.
This could be remedied by increasing the spring stiffness or increasing the spring leg length to
increase the restoring torque in extended positions. To improve flexion positions moving the cable
further away from the center of the pins would cause a larger lever and easier to close the fingers.
Additionally, the size of the fingers could be improved to allow larger flexion angles. A Bowden
cable with a Teflon lining or material other than steel would have also reduced the friction within
the tube and resulted in a higher efficiency. Regarding the hardware, a Raspberry Pi would have
been a better choice compared to the Arduino Mega since the clock speed was 16 MHz and 1.5
GHz, respectively (this would more likely be a problem if used with the EMG signal and a speed
test such as the SHAP) (Arduino Mega 2560 Rev3, 2020; Raspberry Pi 4 Tech Specs).
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As mentioned, the finger design partially attributes to the joints not cycling through their full ROM;
however, the output signal was also subject to error. A more appropriate choice could have been
to add potentiometers to the finger joints to measure the joint angles directly (Brenneis et al., 2017).
6.3 Future Work
In this thesis, movement was demonstrated in all 6 DOFs. With this success, the next step would
be to control the device using a previously designed biomimetic controller relying on EMG signals
as opposed to artificially created MATLAB input signals (Boots, 2019). The controller would have
to be adapted to the DOFs unique to this prosthetic design, but that is well within its capabilities.
Once the device was working with the biomimetic controller the next phase would be to utilize the
prosthetic attachment pictured in Figure 4.1 (F) and test the device with an amputee. Beyond this
dexterity and speed testing could occur with tests such as the Clothes Pin Test, Box and Blocks
Test, or South Hampton Hand Assessment (SHAP) to assess and better modify the device. One
potential way to scale this design to accommodate amputees of various arm sizes would be to use
the morphometric/anthropomorphic tables. Some of these are detailed in Biomechanics and Moto
Control of Human Movement by David A. Winter. These tables provide scaling factors that would
allow the original model to be scaled using parameters such as age and weight. These values would
have associated segment lengths for people who fit into those categories. Another goal would be
to release this work as an open-source project to allow other people the ability to not only use this
device but to experiment and explore other possible designs.
6.4 Conclusions
In this work, I was able to provide a solution for overcoming transradial prosthetic control
limitations with additive manufacturing and modeling techniques. I was able to apply knowledge
across a variety of engineering concepts including design, modeling, simulating, mechatronics,
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statistics, biomechanics, manufacturing, and more to simulate, design, and test a new 6-DOF
device. Simulating the device focused on the torque at the two wrist DOFs: flexion-extension and
pronation-supination to determine the appropriate hardware for realistic applications. The servos
selected for the application were a 1.18 Nm low-profile motor and a 1.96 Nm standard motor for
wrist pronation-supination and flexion-extension, respectively. Lower torque motors were selected
as the experiment was focused on testing ROM and not focusing on weight/speed during the task.
The servos selected would have been more than enough to cover a 1 kg object moving at 60 deg/s.
The next step was the physical design. The development consisted of many changes from the
original modified device including the addition of a controller system, coupling the middle, ring,
and small fingers, and adding an addition wrist DOF. These choices were made to create a device
that provided as much function as possible without adding to the weight of the residual limb or
extending beyond size/space restrictions in the arm. This was measured with the RMSE values
calculated between the reference and response output joint angles. The hand was shown to be more
accurate during the thumb, wrist, and most index finger joints. The delay was also smaller in the
index, wrist, and some thumb joints. Consistently, the wrist was shown to both have small delays
and minimal error. I was able to add a wrist DOF to an existing robotic arm and show the ability
to perform movements in each DOF.
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Appendix A: Prosthetic Review
A.1: Commercial and Research Based Prosthetic Comparison
This section of Appendix A contains two tables detailing the prosthetics that are commercially
available as well as those that are still undergoing research.
Table 1. Commercial Prosthetic Comparison. This table contains a detailed comparison of
different prosthetics currently on the market. The categories are broken down into type of
actuation, control, fingers that are controllable, wrist DOFs that are controllable, whether or not it
is 3D printed, and weight.
Prosthetic Name

Actuation

Control

Finger Control

Wrist DOF

UnLimbited Arm

BP: Elbow Driven

Elbow Driven

C.: Thumb (1),
Index, Middle,
Ring, & Pinky

None

Yes

<350g

The Raptor Hand

BP: Wrist Driven

Wrist Driven

C.: Thumb (1),
Index, Middle,
Ring, & Pinky

None

Yes

N/A

Luke Arm

EP: EMG

EMG

I.: Thumb (2),
Index (1), Middle,
Ring, & Pinky (1)

FE/RU (1), PS (1)

No

1.4 kg

(Mobius Bionics, n.d.)
(Mobius Bionics, 2021)

Bebionic 3

EP: EMG

EMG

I.: Thumb (1),
Index(1), Middle
(1), Ring (1), &
Pinky (1)

PS (1)

No

<600g
(hand
alone)

(RSLSteeper, n.d.)
(Atzori & Müller, 2015)

Michelangelo Hand

EP: EMG

EMG

I.: Thumb (1),
Index (1), Middle,
Ring, and Pinky (1)

FE (1), PS (1)

No

~510g

(Atzori & Müller, 2015)
(Ottobock, 2020)

i-Limb Quantum
Prosthetic Hand

EP: EMG

EMG

I.: Thumb (2),
Index (1), Middle
(1), Ring (1), &
Pinky (1)

FE (1), PS (1)

No

<515g

(Atzori & Müller, 2015)
(Össur, n.d.)

TASKA Proshetic
Hand

EP: EMG

EMG

I.: Thumb (2),
Index, Middle,
Ring, & Pinky

FE,PS

No

N/A

(TASKA Prosthetics, 2017)
(Designers Institute of New
Zealand, 2018)

Hero Arm

EP: EMG

EMG

I.: Thumb (1),
Middle, Index
C.: Ring & Pinky

N/A

No

1 kg

(Open Bionics, 2021)

InMoove

EP: Microcontroller

Microcontroller

I.: Thumb (2),
Index, Middle,
Ring, & Pinky

PS

Yes

N/A

(InMoov, n.d.)

Notes:
BP= body-powered, EP=externally-powered
I=independent finger control, C=coupled finger control
Thumb(1)-1 DOF, Thumb(2)-2-DOF
FE= flexion/extension, PS= pronation/supination, RU= radial/ulnar deviation
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3D Printed Weight

Image

Resources
(Team Unlimbited Arm, 2021)
(Team Unlimbited, 2018)
(Team_Unlimbited 2016)

(Dally et al., 2015)
(Walter, 2015)
(Kate et al., 2017)

Table 2. Research based prosthetic comparison. This table details the type of actuation, control
method, wrist DOF used, if it was manufactured using 3D printing, and the weight for some
prosthetics undergoing research.
Prosthetic Name Actuation

Control

Wrist DOF 3D Printed

Weight

Image

Resources

SmartHand

EP

EMG

N/A

No

>675g

(Cipriani et al., 2011)

2-DOF Wrist

EP

Switches
EMG

FE,PS

No

200g

(Kyberd et al., 2011)

Wrist Attachment

EP

Microcontroller

FE,PS,RU

Yes

360g

(Olsen et al., 2019)

Reachy

EP

EMG

FE,PS

Yes

1.4kg

(Mick et al., 2019)

N/A

EP

EMG

None

Yes

250g

(Cognolato et al., 2018)

Rehabilitation
Robotic Glove

EP

Switch
EMG
Programmed

None

No

backpack: ~6kg
arm: ~1kg

Adam's Arm

EP

EMG

FE, PS

Yes

N/A

Notes: BP= body-powered EP=externally-powered
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(Delph et al., 2002)

(Gaetani et al., 2019)

A.2: Additional Resources
This section contains the additional resources used to create the tables found in A.1.
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Appendix B: Method for Calculating Analytical Model Solutions
Appendix B contains additional steps that were sued to calculate the analytical solution for the
model. To determine the analytical torque at the flexion-extension and pronation-supination axes,
the first step was to calculate the summation of forces about the x, y, and z axes (shown in eq. (13)).
� Fx = m(aG )x

(1)

� Fz = m(aG )z

(3)

� Fy = m(aG )y

(2)

The terms in Eq. 1-3 include m which is the mass of the body and (aG )x, (aG )y , and (aG )z are the
accelerations in the respective x, y, and z directions (Hibbeler, 2013). The forces Fx , Fy , and Fz
have units of N.
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Appendix C: Establishing a Local Point in a Global CS Example
C.1: Local to Global CS
An example of how to calculate points from local CS 6 to the Global CS is shown below. At the
end of this Appendix, an example of the joint CS setup is also presented. Eq. (4) presents the
overall equation for converting local coordinates into global coordinates. This was the same
method as described in Robertson’s Research Methods in Biomechanics.
u

P = uR6 * 6P + GP6,origin

(4)

To calculate the rotation matrix, the x, y, and z unit vectors along with their i, j, and k components
were needed for both the local CS at 6 and the global CS, shown in eq. 5.
xui *x6i
R = � yui *x6j
zui *x6k

u 6

xuj *y6i
yuj *y6j
zuj *y6k

xuk *z6i
yuk *z6j �
zuk *z6k

(5)

The remaining terms GP6origin and 6P were calculated in eq. (6) and eq. (7), respectively using the
global origin coordinates for marker 6 and the local x, y, z coordinates of point 7b defined in CS
6.

u

x6
y
= � z6 �
6
1

P6,origin

x7b
y
6
P = � z7b �
7b
1

(6)

(7)

Forming the homogenous transformation equation, shown in eq. (8), was the final step to solving
for the global coordinates of point 7b, once eq. (4) was satisfied.
u 6
R
P=�
000

u

u

P6,origin 6P
�� �
1
1

(8)

This process was repeated for the remaining four points listed above as well as for any other point
calculated in another reference.
C.2: Joint CS Setup
This section details how the CS was setup for the example joint as well as how the method can
be applied to calculate any joint.
With all the points globally defined, the CS at marker 7 was established by creating two vectors:
one between 7 and 7b and another between 7 and 7c. The x direction was assigned along 77b,
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the y vector was calculated perpendicular to the plane and the z direction was the cross product of
vectors x and y. From marker 7 the local distance to 8b could be measured and a joint CS setup at
point 7b (between points 7b, 7c, and 8b). A local CS at the palm was also established using points
f1, f2, and f3.
The local joint CS established at the index MCP joint and the segment CS setup at the palm will
be used as an example to show the process by which the joint angles were calculated. The first step
to determine the rotation angle was to obtain the rotation matrices, in Equation 5, for point f1 and
point 7b ( uRf1 ' and uR7b ). The rotation sequence to obtain the correct order of frames is shown in
Equation 9.
f1 7b

R

'

= uRf1 * uR7b

This would rotate a frame from CS 7b to CS f1.
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(9)

Appendix D: Simulation Verification
This appendix contains the figures that verify the analytical and numerical calculations.
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Figure 1. Wrist simulation verification for movement 1. Wrist flexion-extension, in a vertical
position, with a weight of 6 kg moving at 120 deg/s. A. Position, velocity, and acceleration during
the simulation. B. Position in terms of horizontal and vertical movement directions. C. Torque
comparison between the analytical and numerical solutions for both wrist flexion-extension and
pronation-supination.
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Figure 2. Wrist simulation verification for movement 2. Wrist flexion-extension, in a
horizontal position, with a weight of 1 kg moving at 30 deg/s. A. Position, velocity, and
acceleration during the simulation. B. Position in terms of horizontal and vertical movement
directions. C. Torque comparison between the analytical and numerical solutions for both wrist
flexion-extension and pronation-supination.
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Figure 3. Wrist simulation verification for movement 3. Wrist pronation-supination, in a
horizontal position, with a weight of 6 kg moving at 60 deg/s. A. Position, velocity, and
acceleration during the simulation. B. Position in terms of horizontal and vertical movement
directions. C. Torque comparison between the analytical and numerical solutions for both wrist
flexion-extension and pronation-supination.
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